Plasma actuators are used to control far-field noise in Mach 1.65 jets from contoured and conical supersonic axisymmetric nozzles (henceforth, contoured and conical jets, respectively) 
Introduction
Most of the research in supersonic jet noise has been carried out using contoured nozzles, which are designed by the method of characteristics for shock-free flow at the design condition. However, the nozzles used in military aircraft often have conical converging and diverging sections with a sharp throat. Shock waves are generated inside a conical nozzle even when operated at the design Mach number. As a result, the flow field and acoustic characteristics of a conical nozzle are significantly different from those of a contoured nozzle with the same design Mach number ͓1-3͔.
Jet Flow.
It is generally agreed that jet noise is generated by dynamics of turbulence structures in the jet. The principal propagation direction of noise from large-scale structure dynamics ͑mixing noise͒ is about 30 deg to the jet axis while the noise radiated normal to the jet axis direction is from the dynamics of smaller scales ͓4͔. Since noise is generated by the dynamics of flow structures, jet noise control can be accomplished via controlling flow structures in the shear layer of the jet. The formation and development of large-scale structures in the shear layer of a round jet involve three instability modes. It then follows that an effective controller must be able to manipulate one or more of these modes.
The first instability mode is the initial shear layer instability ͑K − H type͒, which occurs in any flow with a velocity profile containing an inflection point. The frequency of this mode scales with the momentum thickness at the nozzle exit and is known to be most unstable at St = f 0 0 / U j = 0.01-0.02. The second instability is the jet column mode, the frequency of which scales with the nozzle exit diameter ͑D͒. The jet column is most unstable at St D = f p D / U j = 0.2-0.6, depending on the jet facility and what and where the frequency is measured ͓5-8͔. The last instability in a round jet is azimuthal mode. Cohen and Wygnanski ͓9͔ predicted using linear analysis that many azimuthal modes are unstable in the initial shear layer when the boundary layer is thin. However, only one helical mode remains unstable at the end of the potential core.
In the earlier research, it was demonstrated that the noise and flow fields in round Mach 0.9 ͓10,11͔ and 1.3 jets ͓12͔ are significantly affected by the choice of forcing azimuthal mode at a fixed forcing frequency.
Jet Noise.
In a subsonic jet or a perfectly expanded supersonic jet, mixing noise ͑or Mach wave radiation͒ is the dominant noise source. Mach wave radiation occurs when the largescale structures travel at supersonic speed relative to the surrounding air. In an unheated subsonic jet, the convection velocity of large-scale structures is subsonic, so mixing noise is the main noise source. In a highly heated subsonic jet or heated high Mach number supersonic jet, Mach wave radiation can be one of the major jet noise components. It is generally agreed that the dynamics of large-scale structures are responsible for the mixing noise. Mixing and Mach wave noise radiate preferentially toward shallow angles relative to the jet axis.
Imperfectly expanded supersonic jets have additional noise components due to shock cell trains in the jet plume. The main noise components in supersonic jets were described by Seiner ͓13͔ and Shih and Alvi ͓14͔. In a shock containing jet, screech tones and broadband shock associated noise ͑BSAN͒ can occur. Screech tones are generated by a feedback loop consisting of downstreamconvecting large-scale structures and upstream-traveling acoustic waves. Under certain conditions, the periodic shock train amplifies large-scale structures at a specific frequency and strong screech tones are generated by the feedback loop ͓15-17͔.
In the earlier research, the plasma actuators developed in our laboratory showed control authority over a wide range of frequen-cies in a high-speed jet. Significant enhancement of jet mixing/ spreading was achieved in a perfectly expanded Mach 1.3 jet ͓12,18͔ and a Mach 0.9 jet ͓11͔. The overall sound pressure level ͑OASPL͒ was also reduced by 1-2 dB in Mach 0.9 jet ͓10͔ and perfectly expanded Mach 1.3 jet ͓19͔. The present research will focus on far-field noise mitigation in contoured and conical Mach 1.65 unheated jets operated at the design condition. The effects of forcing on three of the major noise components in supersonic jets will be presented and discussed.
Facility and Techniques
All the experiments are conducted at the Gas Dynamics and Turbulence Laboratory at the Ohio State University. Compressed air supplied by three five-stage reciprocating compressors is filtered, dried, and stored in two cylindrical tanks with a capacity of 43 m 3 at up to 16 MPa. The compressed air is supplied to the stagnation chamber of a D = 2.54 cm exit diameter axisymmetric nozzle. The air is discharged horizontally through the convergingdiverging nozzle. At the end of the nozzle, a boron nitride extension is attached to house eight plasma actuators. Each actuator is composed of two tungsten pin electrodes with a diameter of 1 mm. To prevent the plasma from being swept downstream by the high momentum flow, all electrodes are placed 1 mm upstream of the extension exit within a groove, measuring 1 mm wide and 0.5 mm deep. Two nozzles with the design Mach number of 1.65 are used. The nozzle inner surface profile is either straight lines ͑coni-cal nozzle͒ or contoured using the method of characteristics ͑con-toured nozzle͒, as shown in Fig. 1 .
Acoustic data are acquired at nine locations between = 25 deg and 80 deg with respect to the jet axis in an anechoic chamber, as shown in Fig. 2 . All microphones are 1 / 4Љ B&K condenser type with the microphone axis normal to the jet axis. The noise signal is sampled at 200 kHz with a window size of 8192 and thus the frequency resolution of the spectrum is 24.4 Hz. All measured spectra are normalized to 80 nozzle exit diameters.
The jet velocity field is measured by a LaVision particle image velocimetry ͑PIV͒ system using either one or two cameras with 2048ϫ 2048 pixel resolution. A Spectra Physics Model SP-400 dual-head Nd:YAG laser is used for the light source. The cameras and laser are synchronized by a timing unit housed in a dualprocessor personal computer. The setup for the PIV system is depicted in Fig. 3 . The spatial resolution of the velocity vectors depends on the field of view, and the number of pixels used. For most of the streamwise velocity filed measurements, spatial resolution is about 2.8 mm ͑0.11 nozzle exit diameters͒. The streamwise extent of PIV measurements is from 2 to 15 nozzle exit diameters.
The plasma generating system has two high voltage Glassman dc power supplies, each with an output of 10 kV and 1 A. Each power supply can drive four actuators and thus up to eight actuators can be operated simultaneously. The actuators are switched using Behlke high voltage transistors. A National Instruments analog board is used to generate eight independent pulse trains to control the transistor switches. Details of the plasma system are in Ref.
͓20͔.
The forcing frequency, duty cycle, and azimuthal mode are controlled through LABVIEW. The azimuthal modes of forcing available with the eight actuators are m =0-3, Ϯ1, Ϯ2, and Ϯ4. Forcing azimuthal modes Ϯ1 and Ϯ2 are not examined due to previous research, which has shown them to be less effective for noise control ͓10,11͔. A more detailed description of azimuthal modes is in Ref. ͓11͔.
Results and Discussion

Baseline Jets.
The far-field baseline spectra for both jets are shown in Fig. 4 . At = 30 deg, the sound pressure levels ͑SPLs͒ do not show any significant difference except for a screech Transactions of the ASME tone in the conical jet at St D = 0.27. However, the noise level at = 80 deg for the conical jet is considerably higher ͑Fig. 4͑b͒͒, which is due to shock noise, as will be discussed shortly.
The spikes in the spectra at both polar angles in the conical jet are screech tones generated by a feedback mechanism, composed of downstream traveling flow structures and upstream-traveling acoustic waves. A strong interaction between large-scale structures and periodic shock cells reinforces the strength of structures and is responsible for stronger noise generation than in shock-free jets or jets with weak shock cells. As shown in the schlieren images of Fig. 5 , the shock cells are very weak in the contoured jet but strong in the conical jet.
There are two and three diamond-shock trains for the contoured ͑Fig. 5͑a͒͒ and conical ͑Fig. 5͑b͒͒ jets, respectively. In both jets, the shock train emerging from the jet center at the nozzle exit plane originates from the mating surface of the nozzle extension. Another shock train is formed from the nozzle lip in both jets. For the conical jet, there is one more weak shock train observed just downstream of the strongest shock train, which originates from the nozzle lip. Figure 6 shows wall pressure profiles for both nozzles. A big jump in the wall pressure around x / D of −0.5 in the conical nozzle suggests that a relatively strong shock wave is generated just downstream of the nozzle throat. The shock train emanating from the nozzle lip is the strongest for the conical nozzle. In the contoured nozzle, both shock trains are weak.
In a jet with periodic shock cells, the interaction of large-scale structures and shock cells generates BSAN. The broadband hump near St D = 0.6 in Fig. 4 for the conical jet is BSAN. The weak shock cells in the contoured jet ͑seen in Fig. 5͑a͒͒ produce weak BSAN.
Ensemble-averaged streamwise velocity contours and Galilean streamlines are shown in Fig. 7 for both baseline jets. The left and right columns are, respectively, for the contoured and conical jet. A detailed procedure of conditional sampling and obtaining Galilean streamlines was given by Kim et al. ͓11͔ . For the contoured jet, the theoretical convection velocity is used for Galilean decomposition. There are large vortical structures, where closed or spiral streamlines appear. The ensemble-averaged flow fields are largely the same for both jets but there is stronger undulation of streamwise velocity in the conical jet due to the periodic shock train, as shown in Fig. 5͑b͒ . The Galilean streamlines show that there are disorganized structures in the contoured jet. However, there are well organized large-scale structures in the conical jet, which are Ensemble-averaged velocity contours "contoured "a… and conical "b… jets… and "contoured "c… and conical "d… jets… Galilean streamlines naturally formed by the screech feedback mechanism. The structure spacing ͑2.51D͒ in Fig. 7͑d͒ agrees well with the shock cell spacing in Fig. 5͑b͒ . The convection velocity of large-scale structures is calculated to be about 290 m/s ͑U c / U j = 0.66͒ using the screech tone frequency of about 4.59 kHz, which is used in the Galilean decomposition.
Effects on OASPL.
The effects of forcing with the plasma actuators is investigated at azimuthal modes m =0-3 and Ϯ4, and at St DF ranging from 0.09 to 4.0. In this research, a detailed result will be presented only for m = 0 and 3 since they are representative cases for less and more effective modes, respectively. For the other modes, some limited results will be presented. The effects of forcing on OASPL are presented and then the effects on some dominant noise components will follow. Figure 8 shows the change in OASPL ͑⌬OASPL = OASPL forced − OASPL baseline ͒ relative to the baseline jet at different polar angles in the contoured jet due to forcing at various St DF . In the earlier research in a Mach 0.9 jet, actuator tones in each spectrum were removed before calculating OASPL, as the actuator tones were the only tones in the measurements and are expected to be less significant in a larger or full-sized jet ͓10͔. Also, screech tones in practical heated jets are not common ͓21͔ or have low amplitude ͓22,23͔. Thus, all tones are removed in calculating OASPL. However, contours for ⌬OASPL with and without tones are shown for the contoured jet in Fig. 8 for reference.
The contribution of tones to ⌬OASPL contours is greatest at m =0 ͑note the different scales in Figs. 8͑a͒ and 8͑b͒͒ . The contour with tones at m = 0 shows a significantly different pattern at low St DF near = 30 deg, which is due to strong forcing tones. Figures 8͑c͒ and 8͑d͒ show that the contours with and without tones are largely the same at m = 3. For other modes, the contour pattern is only slightly changed when the tones are included. The same characteristics are observed in the conical jet. From here on, all results and discussion are based on acoustic spectra and OASPL without any tones, unless otherwise noted.
For m =0 ͑Fig. 8͑b͒͒, the reduction in OASPL is limited to high St DF and at shallow polar angles. A moderate reduction of 0.5-1.0 dB is observed at = 30 deg and St DF = 1.5. The OASPL is increased in the sideline direction at low St DF around 0.5. Larger reduction of 1.5-2.0 dB is seen in m =3 ͑Fig. 8͑d͒͒ at low polar angles and at low St DF . This reduction is related to a decrease in peak mixing noise, as will be discussed later. As in the m = 0 case, the OASPL at m = 3 is increased in the sideline directions. At low St DF , the increase in OASPL in the sideline direction for both modes is related to enhanced large-scale activities in the flow field ͓12͔. Roughly speaking, the noise mitigation is limited to shallow angles smaller than about 55 deg for both m = 0 and 3. For polar angles greater than 55 deg, the OSAPL is increased or reduced negligibly.
The change in OASPL for the conical jet is shown in Fig. 9 for m = 0 and 3. In the conical jet, reduction is seen in a wider range of polar angles and St DF compared with the contoured jet. The maximum reduction is observed at = 40 deg for both m = 0 and 3 in the conical jet while it is about 30 deg for the contoured jet ͑Fig. 8͒. At m = 0, the OASPL is reduced by about 1.0 dB at St DF = 1.5 and at a polar angle of 40 deg. At m = 3, a larger reduction of about 1.5 dB is seen for the same Strouhal number and polar angle as m = 0. The range of Strouhal numbers and polar angles, where the reduction is greater than 1.0 dB is 0.3-2.5 and 30-50 deg, respectively. For m = 0, the corresponding region is very small, as shown in Fig. 9͑a͒ . Thus, mode 3 is more effective for noise mitigation in both jets. Figures 8 and 9 show that Transactions of the ASME OASPL reduction due to forcing is maximum at = 30 deg and 40 deg for the contoured and conical jets, respectively. In Fig. 10 , the effects of azimuthal mode are shown at these angles. In both jets, mode 0 is least effective in noise mitigation. For the higher modes ͑m =2, 3, and Ϯ4͒, all modes have a similar level of noise reduction. Mode 1 is better than m = 0 but slightly less effective than higher forcing azimuthal modes in both jets. In earlier research in unheated Mach 0.9 subsonic ͓10͔ and unheated Mach 1.3 perfectly expanded supersonic ͓19͔ jet, a consistent trend was observed in which OASPL reduction increased with increasing azimuthal mode up to m =3. The maximum reduction is about 1.6 dB and 1.8 dB for the contoured and conical jets, respectively. In the contoured jet, the maximum reduction occurs at low St DF near 0.7 while it occurs at relatively high St DF centered at 1.4 in the conical jet. Henceforth, the forcing Strouhal number, where the noise reduction is maximum, will be referred to as optimum forcing Strouhal number for each polar angle. The optimum forcing Strouhal number in the sideline direction is about twice that in the downstream direction in both jets.
Effects of Azimuthal Modes.
The range of St DF where ⌬OASPL is greater than 1.0 dB at m = 3, is from 0.3 to 2.6 in the conical jet. The corresponding range of St DF in the contoured jet is only from 0.3 to 1.4. Thus, significant reduction is observed over a wider range of forcing Strouhal numbers in the conical jet. Since m = 3 is representative of m =2, 3, and Ϯ4, the following discussion will focus on mode 3.
Effects on Spectra.
Each noise component has its own directivity pattern, as discussed in the introduction. The effects of forcing on each noise component are better observed by examining the individual spectrum at various polar angles. Focusing on the previously determined azimuthal mode ͑m =3͒ and forcing Strouhal number of maximum reduction ͑0.7 and 1.5 for contoured and conical jets, respectively͒, the denoted spectra are shown in Figs. 11 and 12 for the contoured and conical jets, respectively. The triangles at the top and bottom of each figure indicate the forcing Strouhal number. As will be discussed, these spectra provide additional information regarding the impacts of forcing on each noise component. Figure 11 shows various spectra at St DF = 0.71 for the contoured jet ͑Fig. 8͑d͒͒. The baseline spectrum at each polar angle shows that the BSAN is a dominant noise component in sideline directions of = 70 deg and 80 deg for both the contoured and conical jets. The peak Strouhal number of BSAN increases with decreasing polar angle due to Doppler shift. At a polar angle of 60 deg, the BSAN is no longer dominant but is still comparable to the mixing noise. The BSAN component is barely identifiable at a Both BSAN and broadband mixing noise levels at high Strouhal numbers in the sideline direction ͑ = 60-80 deg͒ are increased by forcing in the contoured jet ͑Fig. 11͒. It appears that the increase in OASPL in Fig. 8͑d͒ is due to the increase in BSAN and broadband mixing noise. The effect of forcing on mixing noise is negligible at intermediate polar angles close to 45 deg. At = 25-35 deg, the peak level of mixing noise is reduced by about 1.0 dB. The broadband noise at polar angles of 25 deg and 30 deg is also reduced by about 1.0 dB at the intermediate Strouhal numbers. These decreases in mixing peak and broadband noise are directly associated with the OASPL reduction seen in Fig.  8͑d͒ . Figure 12 shows far-field spectra for m = 3 and St DF = 1.5 at various polar angles. The BSAN is more prominent in the conical jet due to the sharp nozzle throat and conical diverging section, which produce stronger shock cells and stronger BSAN as a result. The BSAN noise is dominant over broadband mixing noise at = 70 deg and 80 deg. The peak level and frequency of BSAN at these angles are increased by forcing. The broadband noise level at low Strouhal numbers is reduced by 2-3 dB. Since the spectra at these polar angles have a broad, nearly flat peak, the contribution of the broadband noise and BSAN to the OASPL are both important.
The contribution of BSAN to OASPL can be calculated by fitting the spectra using Tam's similarity spectrum ͓24͔. By fitting the similarity spectrum to the broadband noise portion of the spectrum, the BSAN noise component can be separated and its contribution to the OASPL can be calculated.
When the BSAN component is separately calculated at = 70 deg and 80 deg, the contribution of BSAN to OASPL is about 0.3-0.4 dB only. For this reason, the reduction in OASPL due to the reduced broadband noise is partially offset by the increase in BSAN. As a result, the OASPL is only slightly increased at sideline directions, as can be seen in Fig. 9͑b͒ . At = 60 deg, the broadband noise is reduced significantly with the peak reduction of about 2.5 dB, and the BSAN is increased. The increase in OASPL due to BSAN is offset by the reduction in broadband noise at = 60 deg. Thus, the resultant reduction in OASPL in the sideline direction is not significant, as shown in Fig. 9͑b͒ .
The contribution of BSAN to OASPL at a polar angle less than 60 deg is negligible, and the mixing noise is the dominant noise component. As a result, the reduction in mixing noise seems directly related to the reduction in OASPL observed in Fig. 9͑b͒ ͑along a horizontal line at St DF = 1.5͒. A significant reduction in mixing peak level is observed at = 35-50 deg with the maximum reduction of about 3 dB at 45 deg. At the lowest angles ͑ = 25 deg and 30 deg͒, the reduction in mixing peak is very small. This decreased level of reduction at the lowest angles for the conical jet is in stark contrast to the contoured jet in which the greatest reduction was observed at these angles.
The spectra for forced cases show that the plasma actuators in the conical jet have control authority for mixing noise for a large range of angles ͑ = 35-80 deg͒. However, the actuators have control authority for a narrow range of polar angles ͑ = 25-30 deg͒ in the contoured jet, as seen in Figs. 8 and 11 . The spectra at sideline directions show that the actuators do not have the ability to control BSAN.
For the m = 3 mode excitation case, the effect of varying the forcing Strouhal number is investigated using spectra along Transactions of the ASME = 30 deg and = 40 deg for the contoured and conical jets, respectively. These angles are chosen because they exhibit the greatest reduction in OASPL ͑Figs. 8͑d͒ and 9͑b͒͒. The effect of varying forcing Strouhal number at a fixed angle ͑ = 30 deg͒ for the contoured jet is shown in Fig. 13 . In the figure, the triangle below each spectrum indicates the forcing Strouhal number. At low St DF ͑0.09 and 0.35͒, the effects of forcing are minimal. The reduction over a broad range of St D is about 1.5 dB on the range St DF = 0.53-0.88. At St DF greater than 1.5, the effects of forcing are minimal, similar to low St DF . As discussed earlier, the reduction in OASPL in Fig. 8͑b͒ at low polar angles is directly related to the reduced peak mixing noise since the mixing noise is dominant at = 30 deg. Figure 14 shows the effects of forcing Strouhal number at a fixed = 40 deg for m = 3 in the conical jet. The effects of forcing are minimal for the lowest and highest St DF of 0.09 and 4.0. The mixing peak level is significantly reduced ͑1.8-3.0 dB͒ in a wide band of St DF ranging from 0.5 to 2.0. As previously established, mixing noise is dominant at a polar angle of = 40 deg so the decrease in peak mixing noise level is directly associated with the reduction in OASPL seen in Figs. 8͑d͒ and 9͑b͒ .
Far-field spectra for the conical jet at m = 3 with all forcing and natural tones at = 80 deg are shown in Fig. 15 . The purpose of Fig. 15 is to show the effects of forcing on screech tones. At a low St DF = 0.18, the amplitude of the two dominant screech tones is slightly reduced. At St DF = 0.71 and 1.5, the second screech tone is completely suppressed, the first screech tone is significantly reduced, and the forcing tone harmonics possess significant energy. Both screech tones are almost completely suppressed at St DF = 0.88. Lastly, forcing at a high St DF of 3.0 has no impact on any noise component including the screech tones.
For the conical jet, visualized flow structures for three forcing weakened when the jet is forced at St DF = 0.70 ͑Fig. 16͑b͒͒. Well organized structures in the baseline jet seem to be suppressed by forcing so that no periodic, organized structures are observed at this forcing Strouhal number. This is consistent with the completely suppressed screech tones in spectra for St DF = 0.88 in Fig.  15 . At a high St DF of 3.5 ͑Fig. 16͑c͒͒, the structures are very similar to those in the baseline of the conical jet. As discussed earlier, there was no change in spectra at a high St DF of 3.0 ͑Fig. 15͒. Thus, the effects of forcing on flow and acoustic fields are negligible at high St DF .
Flow control in a conical jet is very similar to an under-or overexpanded jet since both cases have strong shock trains and naturally occurring periodic structures. In this case, there is a competition for energy between forced and naturally occurring structures ͓18͔. At low and high St DF , the naturally occurring structures are prevailing, as observed in Figs. 16͑a͒ and 16͑c͒ . As a result, the suppression of screech tone is limited. At intermediate St DF , the forced structures are prevailing, and this is thought to be related to reduced or suppressed screech tones.
Conclusions
Far-field noise from an axisymmetric jet issuing from contoured and conical nozzles with an exit diameter of 2.54 cm operated at the design condition of Mach 1.65 is controlled using plasma actuators. The effects of forcing are investigated at various forcing azimuthal modes and Strouhal numbers. The forcing azimuthal modes used are m =0-3 and Ϯ4. The range of forcing Strouhal numbers is 0.09-4.0. Far-field noise is measured by a linear array of nine microphones, covering polar angles from 25 deg to 80 deg, and the jet flow fields are measured by a PIV system. The contoured jet shows near shock-free far-field spectra and very weak undulation of the centerline streamwise velocity. For the conical jet: ͑a͒ strong screech tones in the far-field spectra and a significant undulation of centerline streamwise velocity due to the shock train and the feedback mechanism are observed; ͑b͒ the wall pressure shows that shock waves are generated just downstream of the conical nozzle throat, and these waves form a shock train in the jet plume; ͑c͒ another shock train originates at the nozzle lip, and this train is stronger than the other trains; and ͑d͒ the baseline conical jet possesses well organized, periodic largescale structures.
In both jets, lower forcing azimuthal modes of 0 and 1 are less effective in noise control, and higher azimuthal modes of 2, 3, and Ϯ4 are more effective. In the downstream direction, the maximum reduction in OASPL at m = 3 is 1.6 dB ͑at St DF = 0.7͒ and 1.8 dB ͑St DF = 1.4͒ in contoured and conical jets, respectively. For the conical jet, a significant level of reduction ͑greater than 1.0 dB͒ is observed over a wider range of forcing Strouhal numbers and polar angles compared with those in contoured jet.
In the sideline direction, the noise level is not affected significantly at high St DF in both jets. At low St DF , the OASPL is increased up to 2.3 dB and 1.1 dB for contoured and conical jets ͑at m =1͒, respectively. The optimum forcing Strouhal number in the sideline direction is about 2 times greater than that for the downstream direction for both jets.
The significant reduction in OASPL at low St DF and at m =3 in the downstream direction is directly related to the reduction in peak mixing noise in both jets since mixing noise is dominant in this direction. In the sideline direction, the significant increase in OASPL at low St DF in the contoured jet is due to enhancement of broadband noise. In the conical jet, forcing can produce a reduction in broadband noise but increases BSAN at low St DF . The increase in BSAN is partially offset by the reduction in broadband noise resulting in a slight increase in OASPL in the sideline direction for the conical jet. Screech tones are also significantly reduced or suppressed by forcing. Weakening of naturally occurring structures by forcing seems to be related to the reduction or suppression of screech. 
